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I. Introduction
The deterioration of aerodynamic characteristics at high angles of attack due to separated flow conditions results in various types of loss of control and dynamic instability. These can limit manoeuvrability for fighter aircraft and affect flight safety of transport aeroplanes.
Wind tunnel testing techniques are traditionally used for characterization of aerodynamic loads for aircraft design, aerodynamic modelling and flight simulation. Various wind tunnel rigs are used for measuring aerodynamic forces and moments in static, forced-oscillation and rotary balance tests. The aerodynamic data obtained at high angles of attack are less reliable than at low to moderate incidence due to high sensitivity of separated flow to wind tunnel test conditions, such as the Reynolds number, flow turbulence, level of aeroelastic vibrations, and imperfection of wind tunnel flow and aircraft model geometry. Data obtained in different wind tunnels for the same aircraft model may differ significantly under high angle of attack conditions [1] . Research is needed to understand the complex flow phenomena due to flow separation in the stall region within the flight envelope and, as part of this, the use of novel experimental testing and the related aerodynamic modelling techniques must be developed. Many unsteady and nonlinear aerodynamic effects due to flow separation can be spoiled or even totally missed due to inappropriate test conditions or aerodynamic data processing.
Flight tests with large scale controllable aircraft models dropped from a helicopter or aeroplane were effectively used in the past to complement wind tunnel tests in evaluating critical flight regimes such as stall and spin [2] . Recently there has been an increase in activity to develop experimental techniques for conducting virtual flight (or direct physical flight simulation) of an aircraft model in a wind tunnel working section. This approach is aimed at investigating the stability and control characteristics of the model with a view to extracting the aerodynamic data [3] [4] [5] [6] [7] . The idea is to allow an aircraft model to 'fly' in a wind tunnel working section with partially constrained motion imposed by a supporting system. The aircraft model has a number of degrees of freedom and this is expected to ensure more realistic aerodynamic loads than in captive (static and forced oscillation) testing, due to more natural model motion generated by deflections of control surfaces.
These techniques also potentially allow a significant reduction in aeroelastic coupling between an aircraft model and its support system compared with traditional dynamic testing. In static, forced oscillation and rotary balance tests, aircraft models are usually mounted on long cantilever stings through a strain gauge balance; such support systems are prone to sting-balance-model vibrations, which are especially strong under stall conditions due to coupling between unsteady separated flow and system elastic eigen modes [8, 9] . The excited vibrations of the sting-balance-model system have a considerable intrusive effect on the separated flow structure, changing measured aerodynamic loads [10] . A suitable virtual flight dynamic rig can be used to provide model motion measurements in different configurations with varying number of degrees of freedom, with reduced interaction with support structure dynamics (due to much lower eigen frequencies relative to conventional rigs), facilitating deeper insight into complicated unsteady and nonlinear aerodynamics strongly affected by separated flow conditions. This paper presents experimental results obtained on the recently updated 5-DoF dynamic manoeuvre rig, developed at the University of Bristol [11] [12] [13] [14] [15] and now with improved actuation and data acquisition instrumentation. The tests were conducted in the University of Bristol 7 × 5 (2.1m×1.5m) closed-section low-speed wind tunnel. A specially developed high-speed wireless message collection-distribution network allowed the distributed motion parameters to be recorded with synchronized time stamps in microseconds for phase-sensitive analysis; a low command-response loop latency (below ten milliseconds) made possible the implementation of real-time closed-loop feedback control strategies.
Exploiting this new control capability, and specifically the feedback stabilisation, this paper reports on experiments that examine the aircraft model's nonlinear and unsteady aerodynamic characteristics, specifically for stall conditions. This is achieved through use of feedforward and feedback control strategies across a range of different combinations of the manoeuvre rig degrees of freedom. The results provide significant new insight into the cause of nonlinear limit cycle behaviour observed in previous test campaigns with the manoeuvre rig. 
II. Manoeuvre Rig and Model Control System
The manoeuvre wind tunnel rig used in this study is shown schematically in The first version of the manoeuvre rig was designed with a 2-DoF gimbal for the aircraft model [11, 12] but, aiming for simulation of asymmetrical departure at high angles of attack, the aircraft model had recently been equipped with a 3-DoF gimbal [15] . This allows simulation of rapid lateral departures. To avoid the aircraft model gimbal impacting its mechanical constraint during deflection in roll, the rig arm may be rotated to follow the aircraft model roll motions; this is achieved using feedback control driving the aerodynamic compensator on the rear of the rig arm [15] .
The rig system is designed to be configured with different degrees of freedom by locking or releasing each axis or degree of freedom independently. The control surfaces on the four fins of the aerodynamic compensator mounted at the rear of the rig arm are primarily used for compensation of aerodynamic, inertial and gravitational forces generated on the rig arm but also can be used for forcing motion of the aircraft model in heave and sway.
The aircraft model used in this work -shown in Fig. 1b -is the same as in previous studies utilising the manoeuvre rig [12] [13] [14] [15] , namely an approximate replica of a 1/16 th scale BAe Hawk jet trainer aircraft model. The ailerons, elevator † and rudder are all actuated and can be used to control the aircraft model either manually via a stick input or using a command and stability augmentation control system via a ground station computer.
In addition to changes in mechanical design of the manoeuvre rig [15] , recent enhancements include equipping the aircraft model and compensator surfaces with embedded microprogrammed control units for both sensing and actuating. To minimize mechanical friction from electrical wiring, the remote nodes use XBee Wi-Fi modules [16] for * Note these motions are not precisely pure heave and sway as the aircraft is constrained to move in an arc. † The model actually has an all-moving horizontal tail but it is referred to in this paper as an elevator. The data acquisition system has also been upgraded by improving the method by which the attitude of the aircraft model is observed. In the previous manoeuvre rig design, the encoders and potentiometers on the model and rig gimbals were used to measure the relative attitudes of aircraft model-to-arm and arm-to-wind tunnel flow. From these signals the absolute attitudes and c.g. position of the aircraft model were calculated. However, this setup is unable to account for any aeroelastic deformation of the arm. Comparative tests showed that the maximum measurement errors caused by the aeroelastic effects can exceed one degree in the aircraft model attitude. The lead/lag errors in phase angle are also significant. In the upgraded rig, the kinematic measurement has been supplemented by an inertial measurement unit located inside the aircraft model allowing a Kalman filter to be used to estimate the aircraft attitude relative to the wind tunnel flow while also correcting the gyro drift [18] . 
III. Post-Stall Pitch Oscillations and Their Active Control Suppression
It was reported in a number of previous publications, for example [13] , that this Hawk aircraft model exhibits self-excited Limit Cycle Oscillations (LCOs) in pitch motion when trimmed by the elevator to angles of attack in the post-stall region. Those studies were not able to provide convincing evidence of the flow mechanisms responsible for the onset of this phenomenon in the trimmed state. The development of LCOs, due to instability of the aircraft model, significantly transforms the separated flow and aerodynamic loads: as a result, it is impossible to observe flow over the model and to measure aerodynamic loads in steady conditions with constant angle of attack. The active control approach allows the aircraft model to be stabilized, eliminating onset of large amplitude LCOs.
The manoeuvre rig in these tests was configured to allow aircraft pitch-only motion (i.e. a 1-DoF setup). The elevator of the Hawk model has sufficient control power to suppress the LCOs in the pitch motion of the aircraft model. This was demonstrated in the previous studies with application of a stabilising feedback control law using the manoeuvre rig with significantly higher time delays in the sensor-controller-actuator chain that is now achievable.
In the current study with updated manoeuvre rig hardware/software characteristics (see previous section), the feedback control law for elevator deflection is of the form: where the values of k q , k θ , ω and δ e d (α) are given in the Appendix. Pitch rate feedback was deployed to increase aircraft model damping, whilst the pitch angle was fed back to augment static stability and improve rejection of external disturbances from wind tunnel turbulence. The pitch angle θ (t) in (1) was obtained using the extended Kalman filter-based observer, while the pitch rate q (t) is taken directly from the inertial gyro measurement unit and δ e d (t) is the elevator angle demand.
The gain coefficients k θ and k q in (1) were selected using iterative manual tuning on a linear mathematical model. This was constructed with aerodynamic characteristics estimated for the Hawk model at low angles of attack using steady state solutions of the Reynolds Averaged Navier-Stokes [19] equations. This aerodynamic analysis, based on CFD simulations in Fluent [20] , was carried out by Bai Yalei at the Nanjing University of Aeronautics and Astronautics (NUAA), China.
The inclusion of the washout filter in (1) is to eliminate the influence of static offset in the pitch angle and so maintain a steady state elevator deflection equal to demand δ e (∞) = δ e d . Wind tunnel tests demonstrated that the feedback control law (1) stabilises the aircraft model equilibrium states in the stall region and at the same time eliminates the LCOs with low and large amplitudes at various elevator deflections δ e d . 
IV. Pitch-Only Tests with Feedback Control to Track Stabilised Equilibrium States
Elimination of the large amplitude LCOs and stabilisation of the equilibrium states using the feedback controller (1) allows one to get an insight into possible equilibrium states, which are not observable in the aircraft model without stabilising feedback elevator control. An investigation of the stabilised equilibrium states at different elevator deflections The local angles of attack for the horizontal tailplane of the Hawk model remain low throughout the whole range of trim states considered, which ensures sufficient aerodynamic efficiency for active control stabilisation of the unstable equilibrium solutions; it also supports the conclusion that all nonlinear aerodynamic effects are localized on the wing. 
V. Heave-and-Pitch Tests with Active Stabilization of Equilibrium States
The test results shown in Fig. 5 demonstrate the nonlinear and bifurcational dependence of the pitch angle θ on the aircraft model elevator deflection δ e , indicating existence of singularities in the pitching moment coefficient C m . In the stall region one can expect more pronounced nonlinearities in the aerodynamic force dependence.
The version of the manoeuvre rig used here does not allow direct measurements of the aerodynamic loads using a traditional strain gauge balance or load cell. However, its design allows the aerodynamic force on the aircraft model to be measured indirectly using the heave-and-pitch rig configuration. In this configuration both the rig arm and the aircraft model are free to move in pitch with angles θ a and θ respectively. The trim pitch angle of the aircraft model depends only on the aircraft model elevator δ e while the trim pitch angle for the rig arm depends on δ e and the elevator deflection for the aerodynamic compensator, δ ec . Pitch-up and pitch-down ramp motions of the aircraft model were implemented using slow ramp inputs in aircraft elevator deflection δ e similar to the tests presented in the previous section. In addition, the compensator elevators were used to stabilize the combined dynamics of the rig arm and the aircraft model to prevent the onset of the self-sustained LCOs.
With the rig arm free in pitch, it behaves as a mechanical balance scale. At every attitude of the aircraft model the arm will find an equilibrium position when the aerodynamic force of the aircraft model will be compensated by the aerodynamic force acting on the compensator (see Fig. 6 ). A simplified moment balance equation, accounting for the aircraft model aerodynamic forces (assumed to act at the aircraft gimbal centre), compensator aerodynamic forces (assumed to act at the compensator quarter-mean-aerodynamic-chord position) and the gravitational force due to the combined model and rig, about the vertical supporting strut gimbal is given by:
where
and C L (θ, δ e ), C D (θ, δ e ), X m and S m are the aircraft model aerodynamic lift and drag coefficients, normal-force moment arm to the vertical strut gimbal and wing area respectively. Also C L c (θ a , δ ec ), C D c (θ a , δ ec ), X c and S c are the compensator aerodynamic lift and drag coefficients, the normal-force moment arm and the compensator aerodynamic area respectively; M, X CG and Z CG are the effective mass and centre-of-gravity location for the rig arm, compensator and aircraft model combined.
The rig is configured (in terms of mass and CG location) such that the trim conditions are realised at low arm pitch angles θ a , where flow on the compensator is attached and the lift force C L c can be presented as a linear function of the pitch angle θ a . Equation (2) can then be written:
Using the small-angle approximations, cos θ a = 1 and sin θ a = θ a , this becomes:
Thus the aerodynamic normal force coefficient, C N , can be considered to have a linear dependence on the arm pitch angle, θ a .
In the tests with the heave-and-pitch rig configuration (Fig. 6 ) the aircraft model was trimmed and stabilised by the aircraft model elevator δ e using the feeback control law (1). The rig arm was controlled and stabilised using compensator elevator δ ec by feeding back the arm pitch rate signal q a to increase the damping of the aircraft model heave movement, while retaining the same trimmed states: Fig. 6) . Fig. 7a In interpreting the sudden jumps in the experimental data, an analogy with bifurcational models is useful. Fig. 7b shows a hypothetical bifurcation diagram for stabilised equilibrium states θ a and θ. It includes three stable branches in θ a dependence on pitch angle θ (recalling that in trimmed conditions θ = α). 
Considering in

VI. 4-DoF Coupled Longitudinal and Lateral-Directional Tests
In order to improve insight into the observed aerodynamic hysteresis of the aircraft model, tests were conducted with the aircraft gimbal unlocked in all three DoF's (roll, pitch and yaw) and the arm free to move in pitch to approximate aircraft heave motion. The aim was to identify whether lateral-directional aerodynamic moments are generated along with the bifurcational aerodynamic dependencies in the longitudinal dynamics. This rig configuration allows the aircraft model to move in roll and yaw degrees of freedom, facilitating the testing of possible onset of asymmetric aerodynamic moments. Many aircraft configurations at high angles of attack manifest so-called 'wing rock' oscillations due to the local instability of the Dutch roll mode and nonlinear dependence of aerodynamic moments on sideslip and velocity roll rate. The local instability in the lateral-directional modes can be stabilized using ailerons and rudder via feedback signals proportional to roll and yaw rates. Appearance of asymmetric aerodynamic moments will be indicated in the experiments by non-zero roll and yaw trim angles.
In the selected configuration, to allow stabilisation of equilibrium states and elimination of the wing rock regime, a simple controller was implemented utilising roll and yaw angle and angular rates feedback to the ailerons (δ a ) and rudder (δ r ). This is combined with the previously described longitudinal control using the aircraft model elevator and the aerodynamic compensator:
where feedback gains k φ and k ψ augment aerodynamic stiffness in the roll and yaw deflections respectively. The feedback gains k φ and k ψ were selected with the objective of preventing rotation and limiting the trimmed angles in roll and yaw caused by asymmetric aerodynamical rolling and yawing moments. Feedback gains k p and k r are used to stabilise the lateral-directional modes and supress wing rock oscillations. Values adopted for these gains are presented in the Appendix.
To evaluate the aircraft model roll and yaw angles at trim conditions the following representation of the rolling and yawing aerodynamic moments are considered:
The attitude angles θ, φ and ψ for the aircraft model, mounted on the 3-DoF gimbal, in trim conditions are related to the angle of attack α and sideslip β. For small roll and yaw angles the following simplified relations can be used:
The trim roll and yaw angles (φ s and ψ s , respectively) are determined according to (7), (8) and (9) under zero rotation conditions (p = r = 0):
In the case of no asymmetric aerodynamic moments, C l 0 = C n 0 = 0 and with zero commanded control inputs, 
VII. Concluding Remarks
The paper presents the results of an experimental study of stall aerodynamics via stabilization of unstable trim states of an approximate copy of a 1/16th-scale Hawk aircraft model. The tests have been conducted using the updated University of Bristol multi-degree-of-freedom manoeuvre rig in a low-speed wind tunnel. The aircraft model is attached via a 3-DoF gimbal to an arm which itself is free to move in up to three DoFs about a point set back from the model such that approximate vertical and horizontal translational motion of the model can be simulated. In addition to the experimental results, this paper presents the improvements in hardware and communication systems implemented in the experimental rig.
The experimental rig has a number of advantages compared with traditional static and dynamic testing apparatus. 
